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conditions. When the hyponasal and mixed resonance conditions with obstruction of the 48 less patent nostril were removed from the analysis, the resultant formulas correctly 49 classified 88.6% of the resonance conditions. 50
Conclusion: The simulations produced distinctive nasalance scores enabling the creation 51 of formulas that predicted resonance condition above chance level. The preliminary 52 results demonstrate the potential of this approach for the diagnosis of resonance 53 disorders. 54 55 4 KEYWORDS: Nasalance, nasometry, resonance, hypernasality, hyponasality, mixed 56 resonance 57
INTRODUCTION 58
The goal of the present investigation was to develop a tentative statistical procedure for 59 nasometry data that could supplement clinicians' diagnostic assessment of resonance 60 disorders in patients with craniofacial syndromes and other etiologies. In order to set the 61 stage, we will first discuss the available literature. We will then outline our 62 understanding of resonance disorders and our perception of shortcomings of the current 63 assessment procedures before we suggest a potential solution. 64 6 determines whether the cul-de-sac resonance is qualified as oral (e.g., resulting from 83 microstomia), nasal (resulting from stenotic nares or a deviated septum) or pharyngeal 84 (resulting from enlarged tonsils) (Kummer, 2011) . Kummer (2011) listener's perceptual ratings have been described by some authors as difficult, subjective 95 and of poor reliability (Keuning et al., 2004; Whitehill & Lee, 2008) . Some of the lack 96 of reliability may be attributed to the perceptual scales used (Whitehill et al., 2002) and 97 inexperience (Brunnegård et al., 2012; Lewis et al., 2003) . 98 99 For additional corroboration, the perceptual clinical evaluation of resonance disorders is 100 often supplemented with instrumental measures. A popular indirect acoustic measure 101 with wide clinical application is computerized nasometry, with instruments such as the 102 Nasometer (KayPentax, Montvale, New Jersey) (Kuehn & Moller, 2000) . The nasalance 103 score reflects the proportion of oral to nasal sound energy in speech and is calculated as 104 follows: nasalance = nasal/ (nasal+oral) x 100 (Fletcher, 1976) . When there is excess 105 nasal resonance, the scores for speech stimuli without nasal sounds are higher than 106 normal, suggesting hypernasality. When there is a lack of nasal resonance, the scores for 107 7 speech stimuli loaded with nasal consonants are lower than normal, suggesting 108 hyponasality (Kummer, 2008; Dalston et al., 1991a Dalston et al., , 1991b . 109
110
The relationship between nasality ratings and nasalance scores is commonly evaluated 111 in two ways. Sensitivity and specificity are used to find an appropriate cut off score that 112 best distinguishes normal from disordered resonance. Correlation analyses are used to 113 describe the relationship between nasalance scores and perceptual evaluations of the 114 severity of resonance disorders. The Zoo Passage (Fletcher, 1976 ) is a text without nasal 115 speech sounds and commonly used among English speakers to assess hypernasality. The 116 best sensitivity and specificity results for the Zoo Passage were found with cut off 117 scores between 26 and 32 with overall diagnostic efficiencies between .69 and .87 118 (Dalston et al., 1991a (Dalston et al., , 1993 Hardin et al., 1992) . Hyponasality is commonly assessed 119 using a text passage loaded with nasal consonants. In English, nasalance scores below 120 50 for the Nasal Sentences (Fletcher, 1976) have reported sensitivities of .48 to 1.00 and 121 reported specificities between .79 and .91 (Dalston et al., 1991b; Hardin et al., 1992) . 122 Dalston et al. (1991b) found the sensitivity rose from .48 to 1.0 and, specificity rose 123 from .79 to .85, when participants with audible nasal emissions were excluded. As some 124 of these excluded participants were perceived to have both hyponasality and audible 125 nasal emissions (a frequent feature of hypernasality), one could suspect that some of 126 them may have had mixed forms of nasality. 127 128 Unlike hypernasality or hyponasality alone, the relationship between mixed or cul-de-129 sac resonance disorder and the nasalance score is less straightforward. By one account, 130 the nasalance scores are expected to be normal or close to normal (Kummer et For the purposes of the research presented below, we propose to separate the assessment 145 of cul-de-sac resonance from the assessment of oral-nasal balance. We suggest that 146 disorders of oral-nasal balance should be conceptualized solely in the categories of 147 hypernasality (sound is transmitted through the nose because of velopharyngeal 148 dysfunction), hyponasality (sound cannot be transmitted through the nose because of a 149 blockage) and mixed nasality (sound is transmitted through the nose because of 150 velopharyngeal dysfunction but the sound transmission is impacted by blockage). 151
152
We do not dispute the existence of cul-de-sac resonance but we suspect that the 153 perceptual category cul-de-sac blends percepts of oral-nasal balance with other aspects 154 of vocal tract resonance. Kummer (2011) provides a detailed description of obstruction 155 locations as oral, pharyngeal and nasal. However, these could lead to quite variable 156 perceptual impressions. Oral and pharyngeal constriction can lead to a cul-de-sac 9 quality without affecting oral nasal balance. For example, pharyngeal constriction may 158 result in a "hot potato" voice quality (Bhutta et al., 2006) , which would not affect oral-159 nasal balance per se. On the other hand, a case of nasal stenosis could be subsumed 160 under mixed or hyponasal oral-nasal balance, with an additional cul-de-sac quality. We 161 argue that by restricting the disorders of oral-nasal balance to hypernasality, 162 hyponasality and mixed nasality, we can make better use of nasalance scores in clinical The central hypothesis of this study was that the formulas derived from linear 232 discriminant analysis would perform better than chance in predicting the resonance 233 conditions based on nasalance scores. Since the data for this pilot study were based on 234 simulations of different resonance disorders from normal speakers, we had an additional 235 four hypotheses related to the characteristics of the participants' simulations. The first 236 hypothesis was that the hyponasal resonance condition would have lower scores than 237 the normal resonance condition (and the decrease would be greater for the nasal 238 stimulus than the oral stimulus). The second hypothesis was that the hypernasal 239 resonance condition would have higher scores than the normal resonance condition (and 240 the increase would be greater for the oral stimulus than the nasal stimulus). The third 241 hypothesis was that the mixed resonance condition (hypernasal resonance with one 242 nostril occluded) would yield normal scores since, per Kummer et al.'s (1993) 243 prediction, the effects of hypernasality and hyponasality would cancel each other out. 244
The fourth hypothesis was that the nasalance distance for the normal resonance 245 condition would be greater than that of the hypernasal, hyponasal or mixed resonance 246 conditions. Bressmann et al. (2006) found that speakers with hypernasal resonance had 247 a smaller nasalance distance than those with normal resonance. This was attributed to a 248 decreased ability to differentiate oral from nasal speech sounds (Bressmann et al., 249 2006 The first author taught the participants hypernasal resonance by demonstration. To help 282 the participants identify when their velum was lowered, they were asked to hold a hand 283 under their nose and repeat the interjection "hun", and the word "mama", until a 284 nasalized vowel could be sustained. The participants were then asked to produce various 285 nasal and non-nasal sounds, sustain nasalized vowels and repeat words and sentences 286 with a voluntarily lowered velum. The participants were given time to practice their 287 hypernasal resonance with the test stimuli before the recordings. Further demonstrations 288 were provided as required. When the participants were comfortable with the hypernasal 289 task, they were asked to practice speaking with a hypernasal resonance while placing a 290 finger firmly over one ala of the nose in order to simulate a mixed nasality resonance. 291
292
Stimuli 293
The stimuli consisted of an oral and a nasal stimulus. The first two sentences of the Zoo 294 Passage ("Look at this book with us. It's a story about a zoo") and the first of the Nasal 295 Sentences ("Mama made some lemon jam") were used (Fletcher, 1976) , which are 296 overall comparable to the complete passages (Bressmann, 2005) . The abbreviated 297 versions were used to keep the timeline reasonable and to make the simulation task 298 better manageable for the participants. The order of the stimuli was randomized and 299 they were read twice for each resonance condition. If a participant made a reading error, 300 they were asked to reread the stimulus. The nasalance values collected for the oral and nasal stimuli across six different 330 resonance conditions were analysed using SPSS 20.0 (IBM Canada Ltd, Markham ON). 331
16
The effects of resonance condition on nasalance scores were assessed with a repeated 332 measures Analysis of Variance (ANOVA), followed by a series of paired post hoc t-333 tests. Due to nasal cycling, the nasal patency may be uneven between the two nostrils 334 (Hixon et al., 2008 , Principato & Osenberger, 1970 Stoksted, 1953) . The nasalance 335 scores for the hyponasal and mixed resonance conditions were originally coded as 336 hyponasal left, hyponasal right, mixed left or mixed right. For the data analysis, the 337 nasalance scores from blocking the right or left nostril were individually recoded into a 338 higher and a lower patency nostril (less and more blocked, respectively) for every 339 speaker based on the magnitude of the two nasalance scores for each nostril. This 340 recoding generated the resonance conditions hyponasal high, hyponasal low, mixed high 341 and mixed low. 342
343
The nasalance distance was calculated by subtracting the nasalance score for an oral 344 stimulus from the nasalance score for a nasal stimulus (Bressmann et al., 2000 (Bressmann et al., , 2006 . 345 Nasalance distances were calculated for all resonance conditions and compared using a 346 one-way ANOVA and post hoc paired t-tests. 347
348
In order to derive a diagnostic prediction based on the nasalance scores, we used linear 349 discriminant analysis. A descriptive linear discriminant analysis was run on the 350 nasalance scores, which were then classified using predictive discriminant analysis. 351
With the within-subject design, there were eleven participants in each group. This was 352 at least five times the number of predictors (Burns & Burns, 2009 ) and so we proceeded 353 with both stimuli as predictors. It should be noted that this was a somewhat unusual 354 application of the linear discriminant analysis, as the speakers were not independent. A 355 within-subject design allowed for the experimental generation of different types of 356 resonance disorders while controlling for individual differences. The p-value for the 357 ANOVAs and discriminant analysis was .05. Since multiple post-hoc t-tests were 358 calculated the Holms-Bonferroni method was used to control for type I error, with α set 359 to .05. 360
361

RESULTS 362
The means and standard deviations for the nasalance scores and the nasalance distances 363 are shown in Table 1 . from hyponasal low (mean 21.1, SD 18.5), to hyponasal high (mean 25.2, SD 21.2), to 378 normal (mean 36.1, SD 26.4) and mixed low (mean 40.9, SD 16.1). There was no 379 significant difference between normal and mixed low (p = .273). The highest mean 380 nasalance scores were found for mixed high (mean 54.8, SD 18.1) and hypernasal 381 18 (mean 61.8, SD 18.0). These two resonance conditions did not differ from each other (p 382 = .181) but both were significantly higher than all other resonance conditions (p < .01). 383
A paired t-test for the main effect of stimulus (all resonance conditions combined) 384 found the mean nasalance score of the oral sentence (mean 26.9, SD 24.2) significantly 385 lower than the mean nasalance score for the nasal sentence (mean 53.0, SD 17.3; p < 386 .001). 387 388 Paired t-tests of the resonance condition-stimulus interaction effect revealed the 389 following: for the oral stimulus, the normal, hyponasal low, hyponasal high and mixed 390 low resonance conditions were significantly different from each other (p < .01) but the 391 hypernasal and mixed high resonance condition were not (p = .490). The mean scores 392 increased from hyponasal low to hyponasal high to normal to mixed low to mixed high 393 and hypernasal. The mean nasalance scores for the nasal stimulus were not significantly 394 different for the normal and mixed high resonance conditions (p = .419) or the 395 hyponasal high and mixed low resonance conditions (p = .989), but all remaining 396 combinations of resonance conditions were significantly different from each other (p ≤ 397 .01). The lowest mean for the nasal stimulus was hyponasal low, followed by hyponasal 398 high and mixed low, which were equivalent. At the higher end were normal and mixed 399 high, whose means did not differ significantly, while the hypernasal resonance 400 condition produced the highest mean nasalance score. 401 402 One-Way ANOVA for Nasalance Distance 403 A one-way ANOVA was run for the nasalance distance across the six resonance 404
conditions. The effect of resonance condition was significant, F(5,126) = 59.007, p < 405 .001. Paired t-tests revealed the mean nasalance distance for the normal resonance 406 condition was significantly greater than all other resonance conditions (p < .001). The 407 mean nasalance distances of the hyponasal resonance conditions were significantly less 408 than the normal and significantly greater than the hypernasal and mixed resonance 409 conditions (p <.001), but the nasalance distance of the hyponasal high and the hyponasal 410 low did not differ significantly based on the adjusted significance level (p = .049). The 411 mean nasalance distance of the hypernasal resonance condition was significantly greater 412 than the mixed low (p = .003) and the mixed high resonance condition (p = .013). There 413 were no significant differences between the mean nasalance distance of the mixed high 414 and the mixed low resonance conditions (p = .598). The nasalance distance means and 415 their standard deviations can be found in Table 1 . 416 417
Discriminant Analysis 418
In order to determine how the six resonance conditions differed with respect to their 419 nasalance scores for the two stimuli and to derive a classification formula, both 420 descriptive and predictive discriminant analyses were conducted. The nasalance scores 421 for the oral and nasal stimuli were entered as predictor variables and the six simulated 422 resonance conditions were used as the classification variables. As equal variances could 423 not be assumed, (Box's M p < .001) a separate groups covariance matrix was used 424 (Green et al., 2000) . Two discriminant functions were calculated based on Wilks' 425 lambda (combined Λ=.134, χ 2 (10) = 255.110, p < .001, residual Λ=.573, χ 2 (4) = 426 70.786, p < .001). This test indicated that the nasalance scores differentiated 427 significantly among the resonance conditions after partitioning out the effects of the first 428 The goal of the present study was to develop a tentative classification formula for 497 different types of resonance disorders. The data for this experiment were obtained from 498 eleven speakers who provided normal samples as well as simulations of different 499 resonance disorders. The descriptive statistics for the results indicated that the 500 simulations were overall successful and appeared reasonably similar to data that would 501 typically be obtained from clinical participants. The outcomes of the linear discriminant 502 analysis confirmed the central hypothesis of this study, namely, that the classification of 503 the different disorders of oral-nasal balance was far better than chance. In the following 504 paragraphs, our discussion of the findings will mirror the order of the results section. 505 23 506 A repeated measures ANOVA had a highly significant resonance condition-stimuli 507 interaction effect and revealed significant differences in scores across the resonance 508 conditions. A series of post hoc paired t-tests confirmed that the participants were able 509 to produce a wide range of significantly different nasalance scores. The observed 510 changes in the nasalance scores confirmed the first two hypotheses related to the 511 characteristics of the simulations. The hyponasal resonance conditions had lower 512 nasalance scores than the normal resonance condition and the difference was greater for 513 the nasal stimulus than the oral stimulus. The hypernasal resonance condition had 514 higher nasalance scores than the normal resonance condition and the difference was 515 greater for the oral stimulus than the nasal stimulus. The third hypothesis, that the mixed 516 and normal resonance conditions would yield comparable scores, was only partially 517 confirmed. For the nasal stimulus, the nasalance mean for the normal resonance 518 condition and the mixed high resonance condition were equivalent, however, the 519 nasalance mean of the mixed low resonance condition was significantly lower than the 520 normal resonance condition. Furthermore, for the oral stimulus, the mean nasalance 521 score of both the mixed high and mixed low resonance conditions were higher than the 522 normal resonance condition. 523
524
The mean for the oral stimulus in the normal resonance condition (10.3, SD 3.2) was 525 lower, and less variable, than previously found among normal speakers in Southern 526
Ontario. Using the Nasometer 6200 and similar or identical stimuli, reported values 527 have been 12 (SD 6) (Seaver et al., 1991) , 13.45 (SD 5.90) and 11.62 (SD 4.33) 528 (Bressmann, 2005) . For the same Nasometer model 6450 and stimulus, the mean was 529 13.12 (SD 6.35) (de Boer & Bressmann, in press). The mean for the nasal stimulus in 530 24 the normal resonance condition, 62.0 (SD 4.2) was comparable to, but less variable 531 than, other studies with similar speakers. Previously reported means for nasal stimuli 532 with the Nasometer 6200 were 61 (SD 7) (Seaver et al., 1991) , 57.90 (SD 6.69) and 533 57.01 (SD 7.64) (Bressmann, 2005) . Using the Nasometer 6450, the same nasal 534 sentence was found to have a mean of 63.54 (SD 6.27) (de Boer & Bressmann, in 535 press). The means for the nasal stimulus in the hyponasal resonance conditions were 536 both well below the 50% cut-off score proposed by Dalston et al. (1991b) for the 537 complete set of Nasal Sentences. Likewise, the mean nasalance score for the oral 538 stimulus in the hypernasal resonance condition surpassed the proposed cut-offs of 28% 539 (Dalston et al., 1993) and 32% (Hardin et al., 1992) . In fact, the mean nasalance for the 540 hypernasal resonance condition nearly matches the mean nasalance of 53 (SD 7.2) of a 541 group of speakers reported to have severe hypernasality (Dalston et al., 1993) . 542
543
The simulation of different resonance disorders by the normal speakers led to very 544 clear-cut quantitative results. The simulation produced little of the overlap in nasalance 545 scores between normal and mildly hypernasal resonance for the oral stimulus that can 546 affect the exact calculation of cut-off scores in clinical research (Dalston et al., 1993; 547 Bressmann et al., 2006 ). On the one hand, this may have been due to a relatively small 548 range of scores produced by the speakers in this study for the normal resonance 549 condition compared to the variability observed in previous research with larger groups 550 (Bressmann, 2005 ; Gildersleeve-Neumann & Dalston, 2001; Seaver et al., 1991) . On the 551 other hand, the participants in the present study were instructed to produce only severe 552 hypernasality. Perceptually, both investigators had the impression that the participants 553 were successful at this task, and the nasalance scores for the hypernasal resonance 554 condition confirmed this impression. It was the purpose of the present study to use 555 25 simulations to create prototypical nasalance profiles for different resonance disorders. In 556 future clinical research it would be important to find out in how far such simulated 557 profiles differ from actual clinical data. 558
559
The one-way ANOVA for the nasalance distance was highly significant, indicating the 560 nasalance distances differed by resonance condition. The mean nasalance distance of the 561 normal resonance condition was significantly greater than that of the hypernasal 562 resonance condition, as expected from previous research (Bressmann et al., 2000 (Bressmann et al., , 2006 . 563
The present research demonstrated that hyponasal and mixed resonance disorders 564 should also have significantly shorter nasalance distances. The fact that all the simulated 565 disorders of oral-nasal balance had significantly shorter nasalance distances than the 566 normal resonance condition confirmed the fourth hypothesis. While the nasalance 567 distance in hypernasality is shortened because of elevated scores for oral stimuli, the 568 nasalance distance for hyponasality is shortened because of lower scores for nasal 569 stimuli. The nasalance distance for the mixed nasality resonance conditions were 570 shortened by elevated scores for the oral stimulus, and for the mixed low resonance 571 condition only, lowered scores for the nasal stimulus. While the ANOVA showed 572 significant differences between the resonance conditions, the potential discriminative 573 value of the nasalance distance was not evaluated in the present study. As both the nasal 574 and oral stimuli were entered into the discriminant function, the addition of the 575 nasalance distance would have been redundant. 576
577
The linear discriminant analysis classified 64.4% of the data correctly into the six 578 resonance conditions, based on the nasalance scores. This result was better than chance 579 alone (chance level 16.7%) and confirms the central hypothesis of the study. By 580 
